Low energy ion implantation at high doses of boron (Ͼ10 15 cm
I. INTRODUCTION
In the development of semiconductor devices, the dimensions of implanted layers keep on decreasing. For the formation of ultrashallow junctions, low-energy implantation is required, and for boron ͑B͒ doping in Si this is suitably achieved by implanting decaborane (B 10 H 14 ϩ ) ions. 1, 2 For implantation doses typically higher than 10 15 cm Ϫ2 , B clusters are introduced in silicon. The threshold for cluster formation is, however, not easily established due to the small cluster size.
Ion channeling in combination with Rutherford backscattering spectrometry ͑RBS͒ is a well-known technique to investigate strain and defects in thin films. Defects lead to dechanneling and direct scattering in a channeled RBS spectrum, and the relationship between both depends on the type of defect. For point defects, dislocations, and stacking faults this relation is straightforward, which makes it possible to calculate the number of defects from a measured channeling spectrum, but for clusters no definite relation is available. 3 Clusters also induce lattice distortions in the host crystal, and in this article we intend to obtain information about the dimensions of these lattice distortions by comparing RBS ionchanneling measurements with Monte Carlo calculations.
II. EXPERIMENTS
Using a high-voltage research implanter, decaborane (B 10 H 14 ϩ ) ion implantation has been performed at an energy of 120 keV, which corresponds to ϳ10 keV per B atom, at Philips Research Laboratories Eindhoven. The decaborane was implanted in ͑001͒ oriented Si wafers with a 400 nm thick SiO 2 layer and a 205 nm thick Si on insulator ͑SOI͒ film on top, produced by the separation by implantation of oxygen ͑SIMOX͒ technology. After implantation a 10 s rapid thermal anneal ͑RTA͒ in dry nitrogen was applied at a temperature of 1050°C. Two samples were prepared by implanting doses of 3ϫ10 14 and 3ϫ10 15 B/cm 2 . The concentration profile of the implantation of 3 ϫ10
15 B/cm 2 in a 200 nm thick Si layer has been estimated with SRIM calculations, 4 assuming an implantation energy of 10 keV per B atom. The results are presented in Fig. 1 . The width of the implantation profile is 80 nm and the highest B concentration is found at a depth of 49 nm. Since the solubility of B in Si is approximately 5ϫ10 20 cm
Ϫ3
, 5 B clusters are expected to be present in a depth interval of about 28 -54 nm.
The ion-channeling experiments have been performed with 2 and 3.5 MeV He ϩ ion beams from the Philips AVF Cyclotron at the Eindhoven University of Technology. In order to compare the experiments quantitatively, a rotating vane with a gold film was placed in the ion beam. The He ϩ ions scattered from the rotating vane were measured with a 25 mm 2 Canberra passivated implanted planar silicon ͑PIPS͒ detector with an energy resolution of 20 keV. For the ionchanneling experiments, the samples were placed in a threeaxes goniometer with an angular resolution Ͻ0.005°. 6 With two sets of slits the beam divergence was limited to 0.07°f ull width at half maximum. Backscattered ions were detected at a glancing exit angle with a 25 mm 2 Canberra PIPS detector, and the energy resolution of the detection system was approximately 25 keV. Figure 2 shows the ͓001͔ channeled spectra of the two B-implanted Si samples and the spectra for a nonchanneling direction, measured at a backscattering angle of 95°. In the channeled spectrum of both samples, an oxygen peak due to the native oxide, a carbon surface impurity, and the Si surface peak ͑also partially due to the native oxide͒ can easily be identified. In the channeled spectrum of the high dose implantation a direct scattering peak attributed to cluster formation can be found at a depth of approximately 45 nm.
Furthermore, for the high-dose-implanted sample the yield behind the direct scattering peak has clearly increased compared to the yield in a virgin Si sample. A direct scattera͒ Author to whom correspondence should be addressed; present address: Cyclotron Laboratory, Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands; electronic address: l.j.van.ijzendoorn@tue.nl ing peak and a higher yield behind this peak are not observed for the low dose implanted sample. The values for the yield in the depth interval of 120-160 and 85-130 nm for He ϩ ions with an energy of 2 and 3.5 MeV, respectively, and the content of the direct scattering peaks are tabulated in Table I . In the case of 2 MeV the content of the direct scattering peak corresponds to 4.9ϫ10 16 Si/cm 2 equivalent to 36 ML. From Table I it can be seen that the increase of the yield behind the direct scattering peak is 0.14Ϯ0.01 and 0.12Ϯ0.02 for measurements with 2 and 3.5 MeV He ϩ ions, respectively. For B concentrations in silicon above the solubility, molecular dynamics ͑MD͒ calculations predict 4 to 5 atom stable cluster sizes. 7 This can be compared to an effective defect cluster size of 3 nm in diameter in the silicon as determined with diffuse x-ray scattering. 8 This cluster size was obtained from the Bragg tails ͑Huang scattering͒, which give the asymptotic long-range strain fields induced by point defects and point defect clusters. 9 An effective defect cluster of this size in the Si crystal contains about 700 Si atoms.
Assuming that all the B atoms in the depth interval where the concentration is above the solubility of 5 ϫ10 20 cm Ϫ3 , i.e., 28 -54 nm indicated by the dashed lines in Fig. 1 , this corresponds to a deformed Si layer with a thickness of 50 nm. Assuming that all the clusters are situated within the depth interval of 28 -54 nm, the calculated effective cluster size implies that defect clusters overlap.
III. ENHANCED DECHANNELING AND DIRECT SCATTERING
The presence of defects can lead to enhanced direct scattering and dechanneling compared to those in a perfect crystal. Enhanced direct scattering occurs when the channeled ions are scattered at large angles on the displaced atoms in the defect. The direct scattering contribution depends on the geometry of the defect, and therefore a defect scattering factor f is used to account for any difference between the number of defects and the effective number of scattering centers per defect.
3 f can vary from 1, for a.o. single displaced atoms, to almost zero, for defects that consist of only small distortions from the ideal lattice, like a dislocation. In general, detailed knowledge about the defect is required to interpret direct scattering yields of defects quantitatively. For the distorted Si lattice around the B clusters, the value of f will be somewhere in between 1 and zero. Furthermore, the presence of defects in general increases the nonchanneled fraction of the beam in the crystal, which leads to an increase in the scattering yield in a channeled spectrum. Enhanced dechanneling can arise from displaced atoms and extended defects. Dechanneling due to defect-induced distortions of the channels occurs when the angular distortions of the channels become significant relative to the channeling critical angle for the channeled ions.
At first, it is interesting to calculate the amount of dechanneling expected when all atoms involved would be in amorphous clusters. The upper limit of the number of atoms involved in the clusters can be estimated from the x-ray results (ϳ2.5ϫ10 17 ). When the average number of atoms in clusters over the depth traversed by the beam exceeds 10 17 /cm 2 , amorphous clusters can no longer be treated as isolated point defects in calculating the dechanneling due to these clusters, but multiple scattering theory has to be used to calculate the dechanneling. 3 For multiple scattering theory the dechanneling due to amorphous clusters containing 2.5 ϫ10
17 Si atoms/cm 2 ͑based on the x-ray scattering results 8 ͒ is equal to that of an amorphous Si layer containing the same number of Si atoms. This corresponds to a layer with a thickness of 50 nm. Note that this layer is about twice as thick as the depth interval where the B clusters are presumed.
The mean number m of collisions of the ions with nt atoms/cm 2 in an amorphous layer of thickness t and atomic density n is given by mϭa 2 Comparison of these values with the measured values of the increase in scattering yield from Table I shows that the calculated values for amorphous clusters are significantly lower than the values in the deformed Si crystal around the B clusters, which are 0.14 and 0.12 for measurements with 2 and 3.5 MeV He ϩ ions, respectively. Apparently, for a certain number of Si atoms, long range steering effects in a distorted lattice give rise to a larger increase of the scattering yield than an amorphous layer. Furthermore, the energy dependence of the increase in scattering yield in the measurements ͑see Table I͒ is by far not as strong as for an amorphous layer.
These calculations clearly show that the increased scattering yield in a lattice distorted by the presence of clusters is significantly different from the increased scattering yield due to amorphous clusters, and these calculations therefore rule out amorphous clusters of the size corresponding to the effective defect cluster size measured with x-ray scattering. In order to obtain more detailed information about a more plausible structure of the distortions, Monte Carlo ͑MC͒ channeling simulations were used.
IV. MONTE CARLO SIMULATIONS OF DEFECT CLUSTERS
For the Monte Carlo ͑MC͒ channeling calculations, the computer program FLUX7 was used, which is an improved and extended version of FLUX. 12 The physical model incorporated in FLUX7 is based on binary collisions of the incoming ion and the target nuclei governed by the well-known universal potential of Ziegler, Biersack, and Littmark. 4 One of the output parameters of FLUX7 is the nuclear encounter probability ͑NEP͒ with a target atom to cause an event such as large angle scattering ͑in RBS͒, a high-energy recoil of the target atom, or a nuclear reaction. The NEP is normalized by the probability for a random medium with the same density of atoms. 12 The FLUX7 simulation code is used to calculate the NEP as a function of depth.
In FLUX7, the xy plane perpendicular to the string direction z is divided into rectangular cells, which are chosen such that they contain one atomic row each and can be carried over into one another by a simple translation and/or reflection. The calculation is confined to one of these unit cells, and when the ion leaves the cell during the course of its path it is put back at an equivalent position in the original cell by an appropriate symmetry operation on its coordinates and velocity components. 12 With FLUX7 different kinds of lattice deformations can be simulated: strained layers cause a kink along off-normal crystal axes and planes, which can be simulated by rotating the velocity vector at the interfaces, and a bent crystal can be simulated by the option ''curvature,'' which specifies a radius of the curvature and a plane perpendicular to the crystal axis by giving an angle of the intersection with the xy plane. In the calculations with FLUX7, however, only a homogeneous deformation of the total crystal can be simulated, which is different from the threedimensionally deformed Si crystal around the B clusters.
Regarding the overlap of the effective defect clusters, we assume that the complete Si crystal in the depth interval of 28 -54 nm is slightly deformed due to the B clusters. To estimate the average deformation of the Si crystal with Monte Carlo calculations the ''curvature'' option is used. Figure 3͑a͒ shows the deformation of the Si lattice as used in the calculations, where the channeled ions have to travel through a double chicane in the channel on traversing the lattice deformations around a B cluster. To imitate the threedimensionality of the lattice deformation around a B cluster, the direction of the curvature specified by is randomly assigned at the beginning of the calculation of each ion trajectory. In these calculations two parameters are introduced: the distortion length and the maximum displacement, both indicated in Fig. 3͑a͒ . In the calculations the depth, at which the maximum displacement is situated, is kept constant at 40 nm, which corresponds to the middle of the depth interval where B clusters are expected to be present. Furthermore, the total sample length is kept constant at 200 nm. Since FLUX7 can handle only two different layers per calculation, the calculations are divided in three parts, as indicated in Fig. 3͑a͒ .
The results of the FLUX7 simulations are presented as the NEP, energy loss, and straggling as a function of depth. These can be used to generate RBS spectra of scattered ions with the program RBSIM. 12 Examples of such calculated spectra are shown in Fig. 3͑b͒ for a nonchanneled ion beam and for ͓001͔ channeled ion beams in a crystal with deformations characterized by a distortion length of 65 nm ͑240 ML͒ and maximum displacements of 0.15 and 0.20 nm, respectively. The same backscattering angle and energy resolution are used as in the experiments. The first thing to note is that the calculated spectrum for a maximum displacement of 0.20 nm exhibits two peaks in the region of the curved crystal. Depending on the ratio of the maximum displacement and the distortion length, one or two direct scattering peaks appear, as can be seen in Fig. 3͑b͒ for a maximum displacement of 0.15 and 0.20 nm, respectively. In the measurement, no fixed ratio between the maximum displacement and the distortion length occurs, and only one direct scattering peak is observed. It is assumed that the average ratio of the distortions in the sample with B clusters can be compared to the ratio adopted in the simulations. We will compare the contents of the direct scattering peaks in the measured and calculated spectra to obtain information about the dimensions of the distortions around clusters.
Furthermore, the full width at half maximum ͑FWHM͒ of the direct scatter peaks occurring in the calculated channeling spectra is smaller than the FWHM of the direct scatter peak in the measured spectrum ͑see Fig. 2͒ , which is mostly due to the fixed depth of the maximum displacement in the calculations, while an approximately Gaussian distribution of B clusters is assumed to be present in the measured sample. Finally, the surface peak in the measured spectrum is larger than in the calculated spectra due to the presence of carbon and silicon-oxide at the surface of the measured sample. The overall shape of the calculated spectra is nevertheless in satisfactory agreement with the shape of the measured spectrum.
For a comparison of the calculations with the measurements, the average NEP in the interval of the curvature is compared to that for a perfect crystal, and the difference is a measure for the direct scattering contribution, which can be compared to the content of the measured direct scattering peak. The same is done for the average NEP in the intervals of 120-160 and 85-130 nm for simulations with 2 and 3.5 MeV He ϩ ions, respectively, and the results can be compared to the measured increase in scattering yield due to dechanneling by the lattice distortions. The calculated direct scattering and scattering yield due to dechanneling are plotted in Figures 4͑a͒ and 5͑a͒ show the increased average NEP in the intervals of 120-160 and 85-130 nm, respectively, as a function of the maximum displacement. The different curves are for calculations with different distortion lengths, expressed in ML, where 1 ML is 0.271 nm for Si, along the ͓001͔ axis. For increasing maximum displacement, the scattering yield due to dechanneling goes to a maximum value, which roughly scales linearly with the distortion length. The maximum displacement where the plateau in the scattering yield values starts depends on the curvature and the value of the maximum displacement relative to the distance of opposite rows in the ͓001͔ channels. Figures 4͑b͒ and 5͑b͒ show the calculated direct scattering in units of the direct scattering from 1 ML of randomly oriented Si. The direct scattering increases with increasing distortion length for values of the maximum displacement larger than 0.20 nm. For maximum displacement values between 0.05 and 0.20 nm, the direct scattering depends differently on the distortion length. In Fig.  6 the direct scattering is plotted as a function of the distortion length for different values of the maximum displacement. For values of the maximum displacement of 0.10 and 0.15 nm, clearly a maximum appears in the curve of the direct scattering value. Apparently, when the value of the curvature drops beneath a critical value, a part of the ions is more or less able to ''follow'' the curvature in the crystal, and this part increases with decreasing curvature. Furthermore, from a comparison of Figs. 6͑a͒ and 6͑b͒ it can be seen that this critical value increases with increasing energy of the channeled ions. This is plausible since the critical angle 1 for channeling decreases with increasing energy; for channeling along the ͓001͔ axis in Si, 1 is 0.49°and 0.37°for 2 and 3.5 MeV He ϩ ions, respectively. In the measurements, an increase of the scattering yield in the depth interval 120-160 nm of 0.14Ϯ0.01 was found for 2 MeV He ϩ ions. Comparing this with the results of Fig.  4͑a͒ we must conclude that this corresponds with a distortion length of at least 200 ML, i.e., 54.2 nm. The content of the direct scattering peak in the measured spectrum is 36 Ϯ2 ML, and when this is compared to the direct scattering values in Fig. 4͑b͒ , a maximum displacement value of 0.16 Ϯ0.01 nm is found for distortion lengths of 200 ML and up. This value is in good agreement with Fig. 4͑a͒ . The conclusion can be drawn that in the measurements, the ions on average experience a distortion of the Si lattice over a length of about 200-240 ML, which corresponds to 54 -65 nm, and with a maximum displacement of the crystal channels of 0.16Ϯ0.01 nm. The same procedure can be followed for 3.5 MeV He ϩ ions by comparing the measured values of Table I with the results of the calculations in Fig. 5 . For a dechanneling value of 0.12Ϯ2 and a direct scattering value of 59Ϯ3 ML Si, a distortion length of about 240-280 ML ͑65-76 nm͒ and a maximum displacement value of 0.17Ϯ0.01 nm can be extracted from Fig. 5 . These values are in good agreement with the results for 2 MeV He ϩ ions. Note that a distortion length of more than 80 nm ͑295 ML͒ has no meaning, since the maximum displacement is situated at a depth of 40 nm.
The size of a 4 to 5 atom B cluster as predicted by the MD calculations is approximately 0.3 nm, which can be used as an upper limit for the maximum displacement appearing in the channels of the distorted Si crystal. These values are of the same order of magnitude as the values found from the comparison of measurements and calculations above. The curved crystal is thus clearly a more plausible structure for the distortions in the silicon crystal lattice due to the presence of clusters than the amorphous clusters regarded in Sec.
III.
The results from our measurements and MC calculations support the reliefe of strain induced by clusters with strain fields over a scale of tenths of nanometers, which is in agreement with the long range strain fields measured in the Bragg tails of x-ray diffraction. 8 A similar situation occurs for quantum dots ͑QDs͒. The strain in and around buried quantum dots is relieved via extended strain fields, which also results in inhomogeneous deformations in the host lattice. It is known from strain measurements and calculations on buried quantum dots that those strain fields extend up to tenths of nm into the host crystal, 13, 14 which can be compared to the values for the distortion length we found above.
V. CONCLUSIONS
Channeling is a sensitive tool for measuring lattice deformations in silicon induced by B clusters. Low energy ion implantation at high doses of B (Ͼ10 15 cm Ϫ2 ) in Si give rise to the presence of clusters, which lead to enhanced dechanneling and a direct scattering peak in a channeled RBS spectrum. The lattice distortions in the implanted Si give rise to increased yields in a RBS channeling spectrum due to dechanneling and direct scattering in the clustered region. By comparison of these increased yields with the increased yields in a calculated NEP spectrum on a curved crystal structure, we obtain values for the dimensions of the lattice distortions in the implanted Si. In the calculations a curved crystal is used with the direction of the curvature chosen randomly at the beginning of each ion's trajectory. By comparing the outcome of the calculations with the measurements, realistic values are found for the dimensions of the distortions in the Si lattice: the distortion length is about 65 nm, and the maximum displacement 0.17Ϯ0.01 nm. By comparison with RBS channeling measurements, MC calculations prove to be an interesting auxiliary tool for the characterization of crystal deformations around clusters.
